H epatocellular carcinoma (HCC) is the sixth most common cancer in the world in terms of incidence, accounting for approximately 630 000 new patients per year, and the third most common cause of cancer death, with more than 600 000 people dying of HCC each year. (1, 2) Most patients present with the advanced stage of disease; however, the only approved therapy for advanced HCC is sorafenib, an oral multikinase inhibitor, and the benefits of sorafenib remain modest. (3) (4) (5) Glypican-3 (GPC3) is a member of the glypican family. Glypicans are proteoglycans that are attached to the cell surface by a glycosyl-phosphatidylinositol anchor, and play an important role in cellular growth, cell differentiation, and cell migration. (6) (7) (8) Immunohistochemical studies have shown that GPC3 is highly expressed in >70% of HCC tissues, whereas it is less detectable or not detectable in adjacent non-tumoral lesions. (9) It has been reported that GPC3 expression is correlated with poor prognosis in HCC because membranous GPC3-positive HCC patients have a significantly lower disease-free survival rate than GPC3-negative HCC patients after surgical resection. (10) Therefore, GPC3
represents a specific tumor marker and a potential therapeutic target in HCC. (11) A recombinant humanized mAb against the C-terminal region of human GPC3, (12) GC33 induced antibody-dependent cellular cytotoxicity against GPC3-positive HCC cell lines and caused tumor growth inhibition in human liver cancer xenograft models. (13) The first-in-human (FIH) study of GC33 carried out in the USA was a phase I, open-label, multicenter, dose-escalation study in which GC33 was given at 2.5, 5, 10, or 20 mg ⁄ kg as monotherapy to patients with advanced HCC. GC33 was well tolerated, and no dose-limiting toxicity (DLT) up to the highest planned dose level was detected. (14) In consideration of variations in the natural history and HCC treatment practices in Western countries versus Asian populations, and possible pharmacogenomic differences, (15) (16) (17) (18) in the current study we evaluated the safety, tolerability, and pharmacokinetic (PK) characteristics of GC33 in Japanese patients. Additionally, we assessed the preliminary antitumor activity, explored biomarkers, and compared a fully automated GPC3 immunohistochemistry (IHC) test with a more laborious GPC3 IHC test that used previously.
Materials and Methods
Patients. Eligible patients had histologically or cytologically confirmed HCC (not including the fibrolamellar subtype) with no preferred alternative treatment, were ≥20 years old, had life expectancy of ≥3 months after enrolment, had an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1, had a Child-Pugh class of A or B, and had at least one radiographically evident lesion. Patients were required to have adequate hematologic, hepatic, and renal function as evidenced by a platelet count of ≥50 000 ⁄ lL, absolute neutrophil count of ≥1500 ⁄ lL, transaminase (aspartic aminotransferase and alanine aminotransferase) levels of ≤5.0 9 the upper limit of normal (ULN), total bilirubin level of ≤3.0 9 ULN, prothrombin time-international normalized ratio of ≤2.0, alkaline phosphatase level of ≤5.0 9 ULN, and serum creatinine level of ≤2.0 9 ULN. Tumor samples also had to be available, biopsied within 12 months before the required informed consent, for GPC3 IHC testing.
Patients were excluded if they were HIV antibody positive or had active infection requiring treatment, except for hepatitis B virus and hepatitis C virus. Exclusion criteria also included a history of transplantation, patients with brain metastases with symptoms, central nervous system diseases (including psychiatric diseases), other concurrent malignancies within the last 5 years, central nervous system manifestations of hepatic encephalopathy, moderate or massive ascites, and a history of hypersensitivity to similar agents such as mAbs. Patients who had received surgery, locoregional therapy (ablation or transcatheter arterial [chemo] embolization) for HCC, chemotherapy other than sorafenib, radiotherapy, hormone therapy, immunotherapy, or any other investigational drug within 4 weeks prior to enrolment (2 weeks for sorafenib) were also excluded.
This trial was carried out in accordance with the Declaration of Helsinki and Good Clinical Practice. The trial protocol was approved by the Japanese regulatory agency PMDA and the institutional review board of each investigation site. Patients provided written informed consent according to institutional guidelines before enrolment.
Study design. The primary objective was to determine the safety and tolerability of GC33 in Japanese patients with advanced HCC, and the secondary objectives were to evaluate the PK, efficacy, and biomarkers. This trial was carried out at three sites across Japan, namely, the National Cancer Center Hospital East (Chiba), the Kanagawa Cancer Center Hospital (Kanagawa), and the National Cancer Center Hospital (Tokyo).
The patients enrolled were treated with GC33 at 5, 10, or 20 mg ⁄ kg given every week by i.v. infusion over a period of 30-90 min. Each cycle was defined by approximately 4 weeks of treatment. GC33 treatments were scheduled to continue until progressive disease (PD), occurrence of unacceptable toxicities, or the patient's withdrawal of consent. The starting dose of 5 mg ⁄ kg was chosen based on the dose of GC33 estimated from xenograft mouse models that was expected to still have potential for some antitumor activity, (13) while taking into account the safety and PK results from the phase I study carried out in the USA.
This study was a conventional 3 + 3 dose-escalation design. At least three patients in each of the 5 and 10 mg ⁄ kg cohorts, and at least six patients in the 20 mg ⁄ kg cohort were to be treated and monitored from the first dosing of GC33 until prior to the fifth dosing (cycle 1), as described previously. (14) Doselimiting toxicity was defined as any grade 3 or higher toxicity occurring during cycle 1 (as categorized by the NCI's Common Terminology Criteria for Adverse Events version 4.03) (19) other than grade 3 infusion reaction, transient electrolyte abnormalities, grade 3 decreased lymphocyte count, grade 3 decreased platelet count not requiring platelet transfusion, and <109 ULN increase in hepatic enzymes (e.g., increased alanine aminotransferase, increased aspartic aminotransferase, increased alkaline phosphatase), grade 3 hepatic function abnormal (decreased serum albumin, increased total bilirubin, increased prothrombin time-international normalized ratio), and any non-drug-related toxicities. A medical monitor and an independent Data Safety Monitoring Board reviewed the safety data of each cohort and dose escalation.
Study assessment. Types and frequency of adverse events (AEs) and causal relationships between AEs and GC33 were evaluated. Incidence and severity of AEs were collected and graded according to the NCI's Common Terminology Criteria for Adverse Events version 4.03. Particular attention was paid to infusion-associated symptoms possibly as a result of GC33 infusion. Laboratory evaluations during the study included hematology, blood biochemistry, blood coagulation, and natural killer (NK) cell count. Anti-GC33 antibodies were measured at screening and during the study.
Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 was used to assess overall response and progression-free survival (PFS). (20) Tumor burden and response to treatment were evaluated at the baseline and every 8 weeks by imaging (computed tomography or MRI). a-Fetoprotein (AFP) and des-c-carboxy prothrombin (DCP) were also measured at the baseline and during the study.
Tumoral expression of GPC3 was centrally examined and evaluated in biopsied specimens by two IHC methods, each using mouse anti-human GPC3 mAbs. (21) Method 1, which was the method used in the previous FIH study, was carried out at Charles River Laboratories Inc. (Reno, NV, USA) and assessed by three qualified pathologists blinded to clinical outcomes using the scoring criteria shown in Table 1 . (14) Method 2, a fully automated IHC assay, was carried out at Ventana Medical Systems Inc. (Tucson, AZ, USA) using anti-glypican 3 (GC33) mouse monoclonal primary antibody (Catalog number 790-4564; Ventana Medical Systems) according to the manufacturer's instructions. The immunostaining resulting from method 2 was assessed by two qualified pathologists blinded to clinical outcomes. Staining intensity was assessed in the cytoplasm and at the cell membrane separately. Staining intensity was scored on a four-point scale: 0, no staining was observed; 1 (weak), an intensity identified by the pathologist as higher than background and specific to the cells of interest; 2, moderate staining; and 3, maximal (strong) staining. The percentage of cells with specific antibody reactivity was scored for the tumor component of the specimen. The H score was derived by summing the percentage of cell staining at each intensity (weak, moderate, strong) multiplied by the weighted intensity of staining. (22) Following the evaluation of GPC3 IHC staining intensity, the percentage of tumor cells stained, and the pattern of membrane and ⁄ or cytoplasmic positivity, a clinical score for method 2 was assigned according to the criteria described in Table 2 .
Blood samples used for serum GC33 measurements were drawn at pre-dose, at the end of the first infusion, and at 1, 8, 24, 48, 72, and 120 h after the end of the first infusion. In addition, trough concentrations of serum GC33 were measured prior to each subsequent infusion until the end of cycle 3.
GC33 in the serum was assayed as described previously. (14) Inter-assay accuracy and precision was within AE20%, and the coefficient of variation was <20%. Pharmacokinetic parameters for GC33 in serum were calculated by non-compartmental methods using data obtained after the first dosing.
Statistical analysis. All 13 patients received at least one full dose level and are included in the safety, PK, and antitumor activity patient population. Descriptive statistics were used to summarize the patient characteristics and for the safety analysis. All patients had one or more radiographically evident lesions and are included in the analysis of objective response and PFS by RECIST version 1.1. P-values were calculated by t-test. Spearman's correlation was used to compare the two IHC methods.
Results
Patient characteristics. From October 2010-November 2011, a total of 13 patients were enrolled across the three cohorts. The median age was 66 years, with 12 male patients (92%) and one female patient (8%). Ten patients (77%) were of Child-Pugh class A and three patients (23%) were of Child-Pugh class B7. Nine patients (69%) had an ECOG PS of 0, and four patients (31%) had an ECOG PS of 1. The median AFP and DCP levels before the first treatment were 361.1 ng ⁄ mL and 3.619 U ⁄ mL, respectively. All 13 patients had had at least one course of systemic chemotherapy prior to the study (among them, 12 had had sorafenib). The baseline patient characteristics are listed in Table 3 .
Dose and duration of therapy. Of the 13 enrolled patients, four were assigned to cohort 1 (5 mg ⁄ kg), three were assigned to cohort 2 (10 mg ⁄ kg), and six were assigned to cohort 3 (20 mg ⁄ kg). Among the 13 patients, 12 were included in the DLT evaluation, and one patient was excluded as a result of withdrawing due to PD during the DLT evaluation period (in cohort 1). The mean duration of exposure was 99.0 days (range, 29-280 days) and the mean number of doses administered was 14.4 (4-40). Dose intensity was high across all patients in cohorts 1-3, with a mean relative dose intensity of 95.4% (range, 79.5-100%). Good compliance of administration was observed as relative dose intensities were over 90.0% in all three cohorts.
Safety and tolerability. GC33 up to 20 mg ⁄ kg ⁄ week was considered to be well tolerated as no DLTs were reported in any cohort and a maximum tolerated dose (MTD) was not reached. A summary of the AEs occurring in over 30% of patients and grade 3 AEs by dose group are listed in Tables 4  and 5 . All patients had at least one AE, and the most common AEs were lymphocyte count decreased (77%), NK cell count decreased (77%), C-reactive protein increased (69%), and pyrexia (62%). Grade 3 AEs were reported in 54% of patients, and grade 3 AEs occurring in two or more patients were blood pressure increased (23%), lymphocyte count decreased (23%), and platelet count decreased (15%). No grade 4 or 5 AEs were reported. No AEs led to death or discontinuation.
Infusion reactions were reported in 62% (8 out of 13 patients) and all of them were medically manageable. The most common infusion-associated symptoms were pyrexia (five patients, 38%), increased C-reactive protein (four patients, 31%), and nausea (three patients, 23%), and grade 3 increased blood pressure was reported in two patients in the 20 mg ⁄ kg cohort. The other infusion-associated symptoms were either grade 1 or 2. Almost all of the infusion-associated symptoms occurred on the third day after the first infusion. The investigators or sub-investigators provided premedication to prevent infusion reactions and provided appropriate treatment for any infusion reactions (acetaminophen, dexchlorpheniramine, dexamethasone sodium phosphate, loxoprofen sodium hydrate, prochlorperazine maleate). All infusion-associated symptoms were resolved.
The incidence of AEs seemed not to be dose-dependent. There was no evidence of cumulative toxicity and there was no difference in the incidence of AEs by GPC3 expression Scoring method 1, used in a previous first-in-human study, involved assessment by three qualified pathologists blinded to clinical outcomes using the scoring criteria shown here. †GPC3 staining categories: minimal, slight staining recognized at low-power objective, 910; weak, slight staining recognized at low-power objective, ×4; moderate, staining found easily at 94, but weaker than that of strong staining; strong, staining apparent strong with low-power objective, 94. ‡Complete staining, circular (ring-like) staining of tumor cells; incomplete staining, focal staining of rim of cells. level. No anti-GC33 antibodies were detected in any of the patients at pre-treatment or post-treatment. Pharmacokinetics. The PK data were evaluated for all 13 patients in all cohorts. The PK parameters of GC33 are shown in Table 6 . At doses of 5, 10, and 20 mg ⁄ kg, the mean halflife (t 1/2 ) was 4.17, 7.01, and 6.13 days and the mean total clearance was 0.566, 0.373, and 0.510 L ⁄ day, respectively. The PK exposure (C max and AUC inf ) after the first dose increased as the dose increased. The AUC inf showed a doseproportional increase from the 5 mg ⁄ kg dose group to the 20 mg ⁄ kg dose group. The trough concentrations of GC33 appeared to reach a steady state after the fourth to the sixth dose. The trough concentrations after reaching a steady state in all patients in all cohorts were over 30 lg ⁄ mL, which was the predicted effective concentration in the xenograft models.
Tumoral GPC3 expression. All 13 unique core-needle biopsied specimens taken from tumor lesions in the liver were stained by both methods and were evaluated by using their respective scoring criteria. The representative GPC3-IHC features for both staining methods are shown in Figure 1 (a) and all cases are shown in Figure S1 . Twelve patients had a total GPC3 staining score of 7 or more by method 1, and 12 patients had positive clinical scores by method 2 (Fig. 1b) . Both staining methods produced a similar staining pattern in the majority of specimens. The GPC3 staining score of method 1 was highly correlated with the clinical score of method 2 (Spearman's correlation coefficient, 0.76; P = 0.00255). Higher clinical scores appeared to be associated with increased H scores for both the membrane and cytoplasm in this limited number of samples (Fig. 1c,d ).
Antitumor activity. The efficacy analysis population consisted of all 13 patients who were treated with GC33. There were no patients whose best overall response was complete or partial response. Seven out of 13 patients (54%) showed stable disease (SD) (cohort 1, two out of four patients; cohort 2, two out of three patients; cohort 3, three out of six patients), the others showed PD. Three patients who had SD had received treatment for more than 5 months before progress ( Fig. 2) and had a high GPC3 IHC score by method 1 (IHC score ≥7), similar to the previous phase I study. (14) The median PFS for all patients was 2.1 months (1.6-3.5 months) (95% confidence interval). There was no significant difference in the best overall response or PFS among the three cohorts. Seven out of 11 patients (64%) evaluated showed a decrease in AFP (six patients with 20% reduction), and 11 out of 13 patients (85%) showed a decrease in DCP (six patients with 40% reduction) compared to their baseline levels (Fig. 3a,b) . Moreover, computed tomography imaging showed shrinkage in one patient's lung metastasis, in whom AFP and DCP levels were decreased (Fig. 3c) . Two out of 13 patients were excluded from the AFP figure as their baseline AFP level was <10 ng ⁄ mL and deemed to be within the normal range.
Discussion
This is the first study to evaluate the safety and tolerability of GC33 in Japanese patients. The results showed that GC33 was generally well tolerated, as no DLTs were reported in any cohort and an MTD was not reached. This safety profile is similar to that reported in the FIH study in which most AEs were mild to moderate and no DLTs were experienced. (14) The pharmacokinetics of GC33 showed that the clearance was larger and the half-life shorter at dose levels of 5.0 mg ⁄ kg than at dose levels of 10.0 mg ⁄ kg and 20.0 mg ⁄ kg suggesting non-linear elimination, which is similar to that found in the FIH. (14) In general, antibody elimination is connected with non-specific linear elimination from the reticuloendothelial system and with antigen-specific non-linear elimination. Table 6 . Pharmacokinetics parameters of GC33, a humanized antibody against glypican-3
Vd,ss (L) C trough (week 4; lg ⁄ mL) C trough (week 6; lg ⁄ mL) Although non-linear elimination at 5 mg ⁄ kg was observed, the elimination of GC33 may be attributable to non-specific linear elimination because a dose-proportional increase in AUC inf was also observed. In addition, similar to the results of the previous phase I study, (14) a steady state appears to have been reached following four to six doses, and steady state trough concentrations of above 30 lg ⁄ mL were achieved in all patients in the 5-20 mg ⁄ kg groups. Preclinical data showed that a 5 mg ⁄ kg dose of GC33 had an effect on tumor growth inhibition, (13) which was associated with trough serum antibody concentrations of 30 lg ⁄ mL.
In this study, no patient had a best response of complete or partial response, although three patients showed long SD of more than 5 months. Also in this study, 7 of 11 patients (64%) showed a decrease in AFP and 11 of 13 patients (85%) showed a decrease in DCP. In the FIH study of GC33, AFP values were either decreased or stabilized in patients who showed long SD. (14) In the case of sorafenib, an early decrease of AFP has been postulated to be a good predictor of efficacy. (24) In our study, however, no pharmacodynamic analysis was carried out as no post-treatment biopsy of the tumors was performed.
For the purposes of further developing a companion diagnostic test, we also used a fully automated IHC method and compared the results of that method with those of the method used previously in the FIH study. The results obtained from preclinical work and the FIH study of GC33 suggested that GPC3 expression would be a key parameter for antitumor activity of GC33. Both IHC methods used the same mouse mAb against human GPC3 and both produced similar staining patterns in 2 . Treatment duration in patients with advanced hepatocellular carcinoma treated with humanized antibody against glypican-3 (n = 13). The GPC3 immunohistochemistry (IHC) scores evaluated using two IHC methods (method 1, score 0-14; method 2, score 0-3) and best overall response (BOR) are described to the left of the chart. NE, not evaluable; PD, progressive disease; SD, stable disease. the majority of the specimens. Furthermore, the scoring system used in the previous method is based on the pattern and distribution of GC33 staining in both the membrane and cytoplasm, as is the new method for obtaining a clinical score that considers both membrane and cytoplasmic staining patterns and staining intensities. (14) However, the scoring system of the previous method is somewhat more complex than that of the new method, in that the range of scoring is 0-14 in the previous method whereas in the fully automated method the clinical score range is 0-3. In this study, in addition to patients whose tumors had a high GPC3 IHC clinical score (2 and 3), there were patients whose tumor specimens had a GPC3 IHC clinical score of 1 but who showed long SD of more than 5 months and ⁄ or a decrease in tumor marker levels. Therefore, no definitive conclusions can be made at present, and a cut-off level for the GPC3 IHC clinical score to predict efficacy of GC33 has not been determined.
Recently, another therapeutic approach for HCC that targets GPC3 is being developed. A phase I clinical trial of a vaccine composed of two GPC3-derived peptides has been carried out in advanced HCC patients. The vaccination was well tolerated and induced GPC3-specific T cell responses that would be correlated with survival. (25) As a therapeutic antibody, it can induce adaptive immunity against tumor-associated antigens and act to promote vaccine-like effects as well as direct activation of NK cells or macrophages to show Fc-mediated antitumor activity. (26) In conclusion, because no DLTs were reported for doses up to 20 mg ⁄ kg ⁄ week and because an MTD was not reached, GC33 is considered generally well tolerated in Japanese patients with advanced HCC. The correlation between antitumor activity and GPC3 expression is not clear, due to the limited sample sizes. Currently, a global, placebo-controlled, double-blind, multicenter phase II trial in previously treated patients with advanced HCC is being carried out that will provide more data with which to clarify the correlation between GC33 efficacy and GPC3 expression, as measured by the fully automated GPC3 IHC method in tumor specimens obtained by core needle biopsy.
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